Background: Dietary fatty acids may be associated with diabetes but are difficult to measure accurately. Objective: We aimed to investigate the associations of fatty acids in plasma and diet with diabetes incidence. Design: This was a prospective case-cohort study of 3737 adults aged 36 -72 y. Fatty acid intake (/kJ) and plasma phospholipid fatty acids (%) were measured at baseline, and diabetes incidence was assessed by self-report 4 y later. Logistic regression excluding (model 1) and including (model 2) body mass index and waist-hip ratio was used to calculate odds ratios (ORs) for plasma phospholipid and dietary fatty acids. (1.00, 2.14), P for trend ҃ 0.030] acids were positively associated with diabetes incidence before adjustment for body size. Within each quintile of linoleic acid intake, cases had lower baseline plasma phospholipid linoleic acid proportions than did controls. Conclusions: Dietary saturated fat intake is inversely associated with diabetes risk. More research is required to determine whether linoleic acid is an appropriate dietary substitute. 2007;86:189 -97. 
INTRODUCTION
Our understanding of associations between dietary fats and type 2 diabetes is limited by the accuracy of measurement of habitual fat intake. To overcome this, 3 prospective studies measured fatty acid biomarkers, but none of those studies simultaneously measured diet (1) (2) (3) . Consistent observations across the 3 studies were that the incidence of diabetes is associated with lower proportions of linoleic acid in plasma phospholipids (1, 3) , in cholesterol esters (1) , or as serum esterified and nonesterified linoleic acid (2) . Two of the studies also linked higher proportions of saturated fatty acids (SFAs) with diabetes (1, 3).
These observations suggest that a low intake of linoleic acid may increase diabetes risk. A review of fat types and diabetes risk concluded that polyunsaturated fatty acids (PUFAs) could be beneficial (4) , which is consistent with the above biomarker studies, although long-chain nҀ3 PUFAs may be particularly related to lower diabetes risk. Dietary SFAs are generally considered to have an adverse effect on insulin action and diabetes risk (4, 5) , although the association between dietary and biomarker concentrations is not direct as the result of endogenous production (6) .
Our aim was to investigate prospectively associations between both plasma phospholipid and dietary fatty acids and diabetes. We specifically tested the hypotheses that SFAs would be positively associated with diabetes and that linoleic acid would be inversely associated with diabetes. We also assessed whether associations with biomarkers were similar to those with dietary intakes.
SUBJECTS AND METHODS

Subjects
The Melbourne Collaborative Cohort Study (MCCS) recruited 41 528 persons (17 049 men) between 1990 and 1994. Persons aged 40 -69 y were invited; 0.7% of the participants fell outside this age range but are included in all analyses. The Cancer Council Victoria's Human Research Ethics Committee approved the study. Subjects gave written consent to participate and for the investigators to obtain access to their medical records.
Case-cohort design
We used a case-cohort design (7) for biomarker studies. Plasma phospholipid fatty acids were measured for all incident cases of diabetes and a random sample of the cohort (the subcohort), which included some randomly selected cases. We excluded participants with diabetes at baseline (self-reported or elevated plasma glucose), those who had had a heart attack or had angina before baseline, those who did not report diabetes at baseline but later reported a date of diabetes diagnosis before baseline, those with extreme self-reported energy intakes (1st percentile and 99th percentile), and those with missing values for relevant risk factors. A total of 3737 participants aged between 36 and 72 y, including 364 incident cases of type 2 diabetes, had complete data for these analyses.
Baseline measurements
Plasma glucose was measured by using a Kodak Ektachem analyzer (Rochester, NY). According to the World Health Organization criteria current at the time, elevated plasma glucose was defined as a concentration 7.8 mmol/L when fasting (68% of participants) and 11.1 mmol/L if not (8) .
Dietary data were collected with a self-administered 121-item food-frequency questionnaire specifically developed for the MCCS (9) . Information on other risk factors was collected in face-to-face interviews (10 -12) . Height, weight, and waist and hip circumferences were measured directly; and body mass index (BMI, in kg/m 2 ) and waist-hip ratio (WHR) were calculated. Dietary fatty acid intake was calculated from the food-frequency questionnaire data by using Australian fatty acid composition data. The Australian database contains fatty acid data (g/100 g) to 2 decimal places for 1044 Australian foods that were selected as being of particular interest to the researchers who performed the assays; 11 SFAs, 7 monounsaturated fatty acids (MUFAs), 10 PUFAs, and 3 trans fatty acids are included (13) .
Analysis of the fatty acid composition of plasma phospholipids
Blood was collected from all participants into sodium-heparin evacuated tubes, centrifuged immediately (3000 rpm, 15 min, 20°C), portioned into aliquots, and stored in liquid nitrogen. The fatty acid analysis has been described in detail elsewhere (6) . Briefly, samples were realiquotted on ice under red light conditions before being refrozen and transported to the laboratory of one of us (RG) in Adelaide. Total lipids were extracted from plasma, and the extracts were separated by thin-layer chromatography into phospholipids, triacylglycerol, and cholesterol esters on silica gel plates (silica gel 60H; Merck, Darmstadt, Germany). Phospholipid fatty acid methyl esters were separated and quantified with a Hewlett-Packard (Palo Alto, CA) 5880 gas-liquid chromatograph by using a capillary column equipped with flame ionization detection and the Hewlett-Packard Chem-Station data system.
Plasma insulin measurement
Plasma insulin was measured in the plasma of fasted participants only (68%) by use of the AxSYM Microparticle Enzyme Immunoassay (Abbott, North Ryde, NSW, Australia). This assay has minimal cross-reactivity with proinsulin (0.016%) and no detectable cross-reactivity with C-peptide or glucagon.
Ascertainment of new cases of diabetes
Approximately 4 y after baseline, the participants completed a mailed, self-administered questionnaire that covered diagnosis of diabetes (10, 11) . We attempted to verify with the person's nominated doctor any reports of diabetes diagnosed since baseline. Responses were available for 292 persons; 291 (84%) were confirmed as having type 2 diabetes. For the 52 persons with no response and for the 2 persons for whom doctors did not know diabetes type, we assumed a diagnosis of type 2 diabetes.
Statistical analysis
Means and SDs for each fatty acid in plasma phospholipid and diet were calculated by diabetes status at follow-up, and t tests were used to evaluate differences between the 2 groups. Age, country of birth, sex, physical activity score, 5-y weight change, education level, smoking, BMI, WHR, and family history of diabetes were considered as potential confounders. Weight change, education, and smoking were not associated with diabetes in the subcohort and were not included in subsequent models. Logistic regression models were computed first with age, sex, country of birth, physical activity, family history of diabetes, and alcohol intake (model 1) and then with all confounders plus BMI and WHR (model 2) for quintiles (based on the distributions in the subcohort) of plasma phospholipid fatty acid proportions and dietary fatty acids expressed as energy density. The following fatty acids and classes were analyzed: total SFAs, 15:0, 16:0, 18:0, total MUFAs, 16:1nҀ7, 18:1 nҀ9, total PUFAs, total nҀ6 fatty acids, 18:2nҀ6, 20:3nҀ6, 20:4nҀ6, total nҀ3 fatty acids, 18:3nҀ3, 20:5nҀ3, 22:5nҀ3, 22:6nҀ3, ratio of nҀ6 to nҀ3 fatty acids, total trans fatty acids, and total conjugated linoleic acid (plasma only). ␥-Linolenic acid was not included because its measurement in plasma was not considered to be reliable owing to its extremely low concentrations in a substudy (6) . Fatty acid ratios in plasma phospholipid reflecting product-precursor ratios of elongase and desaturase enzymes were also calculated and examined in the same way as the fatty acids. Additional analyses were performed with adjustment for insulin in subjects who were fasting at baseline. An interaction term for dietary linoleic acid and insulin was tested in model 1. Interactions between dietary linoleic acid and both BMI and age were also tested in view of the observations of van Dam (14) , which showed an inverse association between linoleic acid and diabetes in younger, leaner persons.
Fatty acid reliability study
The reliability of plasma phospholipid and dietary fatty acid composition was assessed as described previously (6) .
RESULTS
The baseline characteristics of the incident diabetes cases and controls in the subcohort are shown in Table 1 . Persons who developed diabetes tended to be older, more obese, less active, and more likely to have a family history of diabetes and to originate from southern Europe.
Mean plasma phospholipid fatty acid percentages by follow-up diabetes status are shown in Table 2 . Persons who developed diabetes had higher proportions of 18:0, total saturated fat, 16:1nҀ7, 20:3nҀ6, 20:4nҀ6, total nҀ3 fatty acids, 20:5nҀ3, and 22:6nҀ3 and lower proportions of 15:0, total polyunsaturated fat, nҀ6 fatty acids, 18:2nҀ6, nҀ6:nҀ3, trans fats, and conjugated linoleic acid at baseline than did persons who did not develop diabetes.
Mean daily intakes of total fat and fatty acid classes by diabetes status at follow-up are presented in Table 3 . Persons who developed diabetes had higher intakes of total fat, total monounsaturated fats, 16:1nҀ7, 18:1nҀ9, total polyunsaturated fats, nҀ6 fats, 18:2nҀ6, 20:4nҀ6, nҀ3 fats, 18:3nҀ3, and trans fats and a lower intake of 15:0 at baseline than did persons who did not develop diabetes.
The ORs for diabetes by quintile of plasma phospholipid fatty acids relative to the lowest quintile are shown in Table 4 . After adjustment for age, sex, country of birth, physical activity, family history of diabetes, and alcohol intake (model 1), inverse associations were seen for 15:0, trans fatty acids, and 18: 2nҀ6. Positive associations were observed for 18:0, total SFAs, 16:1nҀ7, and 20:3nҀ6. After further adjustment for body size, these associations were attenuated but still highly significant.
The ORs for elongation and desaturation product-precursor ratios are presented in Table 5 . Strong positive associations were observed for stearoyl-CoA desaturase (ratio of 16:1nҀ7 to 16:0) and elongase (ratio of 20:3nҀ6 to 18:2nҀ6), whereas inverse associations were seen for ⌬ 5 desaturase (ratio of 20:4nҀ6 to 20:3 nҀ6) and the ratio of 18:1nҀ9 to 18:0, which also reflects stearoyl-CoA desaturase-1.
The ORs by quintile of dietary fatty acids are shown in Table 6 . For model 1, the OR for the top quintile of dietary fat intake was elevated compared with the lowest. Both 16:0 and 18:0, but not total SFAs, were associated with higher risk in model 1. 16:1nҀ7 showed a weak positive association with diabetes. Positive associations were seen for 18:1nҀ9, MUFAs, 18:2nҀ6, total nҀ6 fatty acids, PUFAs, and 18:3nҀ3 in model 1; after adjustment for body size, however, these were no longer significant. The ratio of nҀ6 to nҀ3 fatty acids showed a positive FATTY ACIDS AND DIABETES association of borderline significance that was not attenuated by adjustment for body size. We observed previously that plasma and dietary linoleic acid were correlated in the subcohort (6); thus, our observations here that plasma phospholipid linoleic acid was associated with diabetes risk in the opposite direction (negative) to the association observed for diet (positive) is unlikely to be explained by measurement error in the dietary estimates. To further explore how these opposite associations could occur, we plotted plasma phospholipid linoleic acid for quintiles of dietary intake for persons who developed diabetes and for those who did not. We also fitted a linear regression model with plasma phospholipid linoleic acid as the dependent variable with quintiles of dietary linoleic acid and case-control status at follow-up as the independent variables. An interaction between dietary linoleic acid and diabetes status was also included to test for different slopes in cases and controls. As indicated in Figure 1 , for both persons who developed diabetes and for those who did not, there were similar linear associations between dietary and plasma phospholipid linoleic acid; the interaction term was not significant (P ҃ 0.6 when quintile medians were modeled). However, within each quintile of reported dietary intake, persons who developed diabetes had lower mean plasma phospholipid linoleic acid proportions; the mean difference, estimated from the regression, was 1.8 (95% CI: 1.4, 2.1) percentage points.
Models were recomputed for the fasting subgroup (n ҃ 2324, cases ҃ 224). There was a weak interaction between plasma insulin and linoleic acid intake (P for interaction ҃ 0.09), and the association between dietary linoleic acid and diabetes risk was most apparent in persons with plasma insulin concentrations at or above the median value (ͧ5.3 pmol/L). The OR for quintile 5 versus quintile 1 was 1.81 (95% CI: 1.01, 3.23; P for trend ҃ 0.02), compared with lower values (P for trend ҃ 0.30). There was no significant difference in the associations of dietary linoleic acid with incident diabetes across strata of age (P for interaction ҃ 0.292) or BMI (P for interaction ҃ 0.252).
The 12-mo reliability coefficients (within-subject variation) for plasma phospholipid fatty acids ranged from 0.23 for palmitoleic acid to 0.89 for palmitic acid and from 0.32 for dietary palmitoleic acid to 0.49 for dietary oleic acid (6).
DISCUSSION
We found positive associations between the incidence of diabetes and SFAs in plasma phospholipid and diet. Plasma phospholipid linoleic acid was inversely, and dietary linoleic acid was positively, associated with diabetes risk. Persons who developed diabetes had lower plasma phospholipid linoleic acid proportions for each quintile of linoleic acid intake than did persons without diabetes.
Our study has several strengths: it included both men and women and had a good follow-up rate. The trivial differences between those who did and did not complete follow-up mean that response bias was likely to be minimal. Plasma glucose was measured at baseline, and persons with elevated glucose were excluded. Although we did not attempt to verify negative reports of diabetes, participants were accurate in reporting diagnoses. Because we did not screen for diabetes at follow-up, some incident cases could be missed, but unless screening was associated with plasma phospholipid fatty acids, which is unlikely, this would not introduce bias (15) . The use of a single plasma phospholipid fatty acid measurement to reflect long-term status is a potential limitation, but 12-mo reliability coefficients (withinsubject variation) for a small group from the MCCS suggest that reliability was reasonable for the fatty acids studied (6) . Our findings for plasma phospholipid fatty acids are generally consistent with the results of previous prospective studies. Positive associations between palmitoleic, dihomo-␥-linolenic, and SFAs in cholesterol esters and diabetes incidence, and an inverse association for linoleic acid, were reported previously (1, 3). For plasma phospholipids, positive associations were observed for SFAs, palmitic acid, and stearic acid, with a weakly inverse association for linoleic acid (1) . An inverse association between serum linoleic acid and glucose intolerance was also reported previously (2) . Fatty acid ratios that may indicate an increased activity of stearoyl-CoA desaturase and ⌬ 6 desaturase were positively associated with metabolic syndrome in men, whereas ⌬ 5 desaturase activity showed an inverse association (16) , which is consistent with our observations for diabetes incidence.
The fatty acid composition of structural membrane lipids modifies insulin action in skeletal muscle, and SFAs are associated with insulin resistance (17) , which is consistent with our findings that plasma phospholipid stearic acid and total SFAs are associated with increased diabetes risk. The results for dietary SFAs were consistent with those for plasma phospholipid SFAs and with the results of other studies (4) . Although dietary intake of SFAs was not correlated with plasma phospholipid SFAs in the MCCS (6), our results suggest that reducing intakes of both palmitic and stearic acids could be beneficial. Short-term feeding studies show that SFA concentrations in platelet phospholipids can be changed by changing intakes of either palmitic or stearic acids (18, 19) . The KANWU study showed that plasma phospholipid SFA concentrations could be reduced by reducing SFA intake and increasing MUFA intake, with a corresponding improvement in insulin sensitivity (20) .
In contrast with the case for other SFAs, our data show an inverse association between plasma phospholipid pentadecanoic acid and diabetes incidence. Pentadecanoic acid is a marker of milk fat intake (6, 21, 22) , and evidence exists that milk fat is inversely associated with metabolic risk factors (22) and reduced incidence of the insulin resistance syndrome (23) and diabetes (24, 25) .
How can the opposite associations with risk of diabetes seen for diet and plasma phospholipid linoleic acid be reconciled (ie, how is it possible for cases to report higher intake but have lower plasma phospholipid proportions than controls)? Differential reporting of intake by those who subsequently developed diabetes would have meant that the slopes of the regression of plasma phospholipid linoleic acid on diet linoleic acid differed according to diabetes status at follow-up, but this was not the case. Thus, differential measurement error is an unlikely explanation. Nondifferential measurement error of linoleic acid in both diet and plasma would have attenuated the associations, in which case the conflicting associations are likely to be greater than what we observed.
Our data showed clearly that for any level of dietary linoleic acid, cases had lower plasma phospholipid linoleic acid proportions than did controls, which suggests that some metabolic difference may exist in persons with pre-diabetes that explains the conflicting results. The relatively low proportions of plasma phospholipid linoleic acid in persons who went on to develop diabetes appeared to be balanced by higher proportions of some longer, less saturated metabolites of linoleic acid. There is evidence that ⌬ 6 desaturase activity (which catalyzes the metabolism of 18:2nҀ6 to 18:3nҀ6) may be modified by insulin when insulin is low (3, 26) . If ⌬ 6 desaturase activity is higher at higher insulin concentrations (16) , this could contribute to the relatively low proportion of linoleic acid and relatively high proportion of dihomo-␥-linolenic acid (via ␥-linolenic acid) seen in persons who developed diabetes and who were likely to be relatively hyperinsulinemic (27, 28) . We found no evidence that arachidonic acid, the next step in nҀ6 fatty acid metabolism after dihomo-␥-linolenic acid, was associated with diabetes incidence.
Although MUFA have tended to be considered healthy fats, and in the KANWU study had a beneficial effect on insulin sensitivity (20) , positive associations were seen between dietary MUFA intake and type 2 diabetes in our and other studies (14, 29, 30) . This may reflect the fact that MUFAs in many Western countries are derived largely from meat and hence are correlated with SFAs (4, 30) or that benefits relating to oleic acid, the principal dietary MUFA, are attributable to other components of olive oil or characteristics of a diet high in olive oil (31) . Both plasma phospholipid and dietary 16:1nҀ7 were positively associated with diabetes risk, as was the ratio of 16:1nҀ7 to 16:0, which reflects stearoyl-CoA desaturase activity (16) . On the other hand, the ratio of 18:1nҀ9 to 18:0, which also reflects stearoyl-CoA desaturase activity, was inversely related with diabetes incidence. In Swedish men, only the ratio of 16:1 n-7 to 16:0, but not that of 18:1nҀ9 to 18:0, was associated with development of the metabolic syndrome over 20 y of follow-up (16) . An increased ratio of 16:1nҀ7 to 16:0 has been observed in other insulin-resistant states, but it is not known whether the association is a causal one (32) . Recent studies in mice suggest that a lack of stearoyl-CoA desaturase prevents dietary induced obesity and suggest this enzyme as a target for antiobesity drugs (33) .
Avoidance of saturated fats and widespread adoption of PUFA-rich fats and oils has led to relatively high intakes of nҀ6 fats and ratios of nҀ6 to nҀ3 fatty acids of around 10:1 or higher in the United States and 9:1 in the MCCS. Such ratios are in contrast with the recommended ratio of 4:1, which is based on estimates from traditional diets (34) . The ratio of nҀ6 to nҀ3 fatty acids may contribute to insulin resistance (17, 35) and a range of other health conditions (36) . It may be important that existing recommendations to limit SFA (37) intake do not lead to adverse effects of nҀ6 fatty acid consumption. Further intervention studies with insulin resistance as the outcome may clarify the most appropriate fat to substitute for SFAs (38) .
The inverse association we observed between plasma phospholipid trans fatty acids and diabetes conflicts with 2 studies suggesting that dietary intake of trans fats has adverse effects on insulin sensitivity and diabetes risk (4, 29) . The Iowa Women's Health Study, however, found an inverse association between trans fatty acid intake and diabetes (39) , and the difficulty of measuring trans fatty acid intake as the result of changes in dietary composition over time in the United States has been noted (40) . Plasma phospholipid concentrations of trans fatty acids appear to reflect dietary intake (41), but we did not observe this association in the MCCS, possibly because of the very low levels of both dietary and plasma phospholipid trans fatty acids (6) .
The lower proportion of linoleic acid in plasma phospholipid of those who developed diabetes relative to those who did not, given the correlation between phospholipid and dietary linoleic acid, suggests that increasing linoleic acid intake could reduce diabetes risk. However, our analysis of dietary intakes does not support this. If there is something about the pre-diabetic state that causes differences in plasma phospholipid fatty acid composition, prospective biomarker studies of diabetes will require careful interpretation. Reduction in dietary saturated fat intake may reduce diabetes risk. However, it is not clear how our results regarding linoleic acid should be interpreted, and recommendations to limit SFA intake should take into account the possible importance of the nҀ6:nҀ3 PUFA ratio. More work is required to determine the most appropriate dietary substitute for SFAs.
